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@ Method and apparatus for effecting reaction of particles. 

@ Particles are trapped by a laser beam and 
brought into contact with an electrode to in- 
duce an electrochemical reaction, the progress 
of which may be monitored electrically and 
spectroscopically. thereby penmitting precise 
measurements of parameters involving single 
particles. 
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The present invention relates to a method and ap- 
paratus for effecting reactions involving particles. 
More particularly it relates to a method and apparatus 
for effecting electrochemical reaction in or of partic- 
les, and is useful in such fields as microelectronics, 5 
biotechnology and materials science. The invention 
further embraces methods of monitoring the reaction 
process, e.g. electrochemically and/or spectroscopi- 
cally. 

In fields such as microelectronics, biotechnology io 
and materials science, it is often necessary to study 
reactions in micro-regions, and techniques for this 
purpose have been examined. 

In general, however, it is very difficult both to con- 
trol particle reactions at microparticle level by micro- is 
scopic techniques and to monitor such particle reac- 
tions. Conventional practice has therefore been to 
use a macroscopic technique, involving a time factor 
and calculating the desired parameter for a particle 
from the progress of the reaction(s) over a certain 20 
period of time by means of a calculation formula. 

However, because of the time factor introduced in 
this technique and the fact that the reaction(s) cannot 
precisely be determined in terms of the macroscopic 
correlation with time, this technique is not suitable for 25 
cases requiring accurate measurement. 

A method known as laser trapping in which indi- 
vidual particles with sizes of the micrometre order are 
trapped by a laser beam has been developed by the 
present inventors, and efforts are being made to ex- 30 
pand its scope of application to transportation, com- 
bination and reaction of particles, e.g. to manipulation 
of metal particles and to formation of patterns by 
groups of particles and subsequent processing there- 
of. Such laser trapping techniques thus permit non- 35 
contact operations such as trapping, migration and 
processing of particles and groups of particles. 

The present invention is based on ourf inding that 
laser trapping techniques may be applied in the study 
of particle reactions, more especially to the study of 40 
electrochemical reactions of particles, which term is 
used hereinafter to embrace both single particles and 
aggregates of particles, the particle under investiga- 
tion being controlled by the trapping laser beam. 

Thus according to one aspect of the present in- 4S 
vention there is provided a method of effecting reac- - 
tlon of particles which comprises trapping a particle 
by laser beam irradiation and bringing the trapped 
particle into contact with an electrode so as to induce 
electrochemical reaction in or of said particle. The en- 50 
suing reaction may, for example, be monitored by 
measuring the quantity of electricity (e.g. as current 
and/or voltage) passing through the reaction system, 
which will typically in effect comprise an electrolytic 
cell. The electrochemical reaction and/or any further 55 
reaction induced thereby, e.g. a photochemical reac- 
tion, may also be monitored spectroscoplcally. either 
simultaneously with or separately from any electrical 



measurements. Appropriate monitoring techniques 
are described in greater detail hereinafter. 

In the accompanying drawings, which serve to il- 
lustrate the invention without in anyway limiting the 
same: 

Fig. 1 illustrates a schematic view indicating ap- 
paratus useful in accordance with the present in- 
vention; 

Fig. 2 illustrates the results of measurement of 
voltage and current in an example using the 
method of the present invention; and 
Fig. 3 illustrates a plot of fluorescent wavelength 
and intensity indicating the results of an example 
using the method of the present invention. 
In the apparatus shown in Fig. 1 the symbols rep- 
resent the following items, respectively: 
1: laser beam particle manipulator, 
2: electrochemical reaction detector, 
21: reaction chamber, 
211 : operating electrode, 
212: opposite electrode, 
213: reference electrode, 
22: potentiostat, 
23: 3D scanning table, 
3: photochemical reaction detector, 
31: light irradiator, 
311: light source, 
312: condenser lens, 
32: photodetector, 
321: pinhole, 
322: optical fibre, 
323: polychrometer, 
324: electromagnetic radiation detector. 

Apparatus of this type, i.e. comprising a laser 
beam particle manipulator operable in conjunction 
with an electrochemical reaction detector, advanta- 
geously together with photochemical reaction detec- 
tor means, comprises a further feature of the inven- 
tion. 

The method of the invention provides the ability 
to control an electrolytic reaction by manipulation of a 
laser-trapped particle, and to monitor the reaction 
electrically, e.g. by measuring the total quantity of 
electricity passed, for example using constant poten- 
tial electrolysis. Reaction parameters may also be si- 
multaneously or separately monitored by spectro- 
scopic observations involving the particle. In general 
there is no limitation on the kinds of reaction or nature 
of particles which may be investigated in accordance 
with the invention. 

In electrical measurements involving the trapped 
particle, measurement of current and/or voltage or 
the quantity of el ctricity passed during the electro- 
chemical reaction permits quantitative determination 
in the form of numerical values or a graph. Specific 
applicable techniques include cyclic vol tammetry, the 
potential step method and pulse voltammetry. 

It is also possible to measure fluorescence spec- 
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tra and fluorescent time response with a time resolu- 
tion of the order of 1 seconds to 1 Q-^ 2 seconds and 
to measure absorption spectra with a time resolution 
of the order of 10-* seconds by application of spectro- 
scopic methods. 5 

Fig. 1 Illustrates a typical microscopic spectro- 
chemical reaction detector as an example of the pres- 
ent invention. This embodiment comprises a laser 
beam particle manipulator (1). an electrochemical re- 
action detector (2), and a spectrochemical reaction 10 
detector (3). 

In the particle manipulator (1), a CW Nd^ YAG 
laser (wavelength = 1,064 nm) is used as the laser for 
trapping particles, and a picosecond semiconductor 
laser (wavelength = 391 .5 nm) is used for exciting flu- 15 
orescence. These laser beams are directed through 
a lens system towards a microscope (Nikon Optiphot 
XF) and condensed through a 100-magnif ication very 
long operating objective onto the sample. 

Particle manipulation is observed through a CCD 20 
camera and a television monitor. The position of the 
laser beams and actual operations are displayed in 
superimposed form on the monitor screen. 

In the illustrated embodiment the electrochemical 
reaction detector (2) comprises a reaction chamber 25 
(21 ), a potentlostat (22), and a 3D scanning table (23). 
The reaction chamber (21 ) has operating e!ectrode(s) 
(211), an opposite electrode (212), and a reference 
electrode (213). The potentlostat is connected to the 
individual electrodes and can provide a potential dif- 30 
fere nee between each electrode. 

As the operating electrode(s) (211), a mlcroelec- 
trode or a "large" electrode may, for example, be em- 
ployed; the former may for example be preferred 
when electrical measurement is the prime concern, 35 
whereas the latter, especially when in transparent 
form, may be preferred when spectroscopic observa- 
tions of photochemical reactions are made. 

An example of a suitable micro electrode is a gold 
wire, e.g. having a diameter of 10 ^m, which may be 40 
insulation- secured with silicone adhesive onto a 
glass slide, leaving exposed a portion with a diameter 
of 10 fxm and a length of up to 50 fim. Normal working 
of such an electrode may be confirmed by, for exam- 
ple, CV measurements earned out In a 10-^ mol aqu- 45 
ecus solution of potassium ferrlcyanide. Other micro- 
electrodes which may be employed include platinum, 
silver and semiconductor electrodes, e.g. such as are 
used for conventional electrochemical purposes. 

Suitable "large" electrodes include, for example, so 
Sn02 transparent electrodes, e.g. having a width of 
6mm and a length of 30mm. It will be appreciated that 
such electrodes may be used in conjunction with elec- 
trical as well as spectroscopic measurements and 
that microelectrodes may also be used when spectro- 55 
scopic analysis is performed. 

The operating electrode may be of any shape and 
prepared in any suitable way. Thus in addition to the 



manually prepared linear microelectrode described 
above, other methods of preparation may be used, as 
may other types of electrode, for example band elec- 
trodes (e.g. prepared by lithographic techniques) or 
array electrodes. 

Any convenient electrodes, e.g. such as are used 
for conventional electrochemical purposes, may be 
used as the opposite electrode (212) and reference 
electrode (213). Representative opposite electrodes 
thus include gold electrodes and, more preferably, 
platinum electrodes. Representative reference elec- 
trodes include calomel and, more preferably, sil- 
ver/silver chloride electrodes. 

The 3D scanning table (23) is contact-secured to 
the bottom of the reaction chamber (21), and is mov- 
able three-dimensionally under the action of a power 
source such as a motor. It is therefore possible to se- 
lect any particles in the reaction chamber and to ma- 
nipulate only the selected particle(s) by means of the 
laser beam particle manipulator. 

In the illustrated embodiment the photochemical 
reaction detector (3) comprises a light irradiator (31) 
located on the lower surface of the electrochemical 
reaction detector (2), and a photodetector (32) locat- 
ed on the upper surface of the electrochemical reac- 
tion detector (2). 

The illustrated light irradiator (31) comprises a 
light source (311) and a condenser lens (312); light 
generated from the light source (311) passes through 
the 3D scanning table (23) and is irradiated onto a 
sample in the reaction chamber. The light source 
(311) may, for example, generate visible, infrared or 
ultraviolet light, e.g. by or to promote fluorescence. 

The illustrated photodetector (32) comprises a 
pinhole (321), an optical fibre (322), a polychrometer 

(323) , and an electromagnetic radiation detector 

(324) , such that light transmitted through the sample 
passes through the pinhole (321) and the optical fibre 
(322), and is analyzed by the polychrometer (323) 
and the detector (324). 

The following non-limitative examples further il- 
lustrate the invention. 

EXAMPLE 1 

Using apparatus as Illustrated in Fig. 1, an elec- 
trochemical reaction was induced using oil drops in an 
aqueous phase as particles. 

The oil drops were prepared by dissolving ferro- 
cene (0.1 moi) as an electroactive substance and tet- 
rabutyl ammonium tetraphenyl phosphate (TBATPE) 
(0.01 mol) as a hydrophobic support electrolyte in tri- 
n-butyl phosphate and mixing the resulting oil solu- 
tion with aqueous KCI (0.2 mol), so that the gravimet- 
ric fraction of oil phase was 1%. 

A singi oil drop was trapped by the laser beam 
particle manipulator (1 ) and brought into contact with 
the operating electrode (211). The potential between 
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the electrodes was then caused to linear-sweep con- 
tinuously by means of the potentiostat (22), so as to 
enable determination of the relationship between 
electrode potential and current density. The rate of 
change of electrode potential was 20 mV per second, 5 
the electrode potential having an initial value of 0 mV. 
The reaction was monitored for a period of 40 sec- 
onds, and the resulting linear sweep voltammogram 
(LSV) is shown in Fig. 2. 

As is clear from the results shown in Fig. 2, a peak io 
is observed at about 0.5V with a corresponding cur- 
rent of 1 .45 x 1 0-^A. 

Electrochemical reactions of ferrocene and other 
appropriate compounds such as tetracyanochlordi- 
methane or N,N,N',N'-tetramethyl-p-phenylenedia- is 
mine may be studied in any manner so far as the com- 
pound has an oxidation-reduction potential within a 
range in which the aqueous phase or other solvent, 
the oil drop and the particle are not electroiyzed. 

The oil drop may comprise any liquid which is not 20 
completely miscible with water, such as tri-n-butyl 
phosphate, nitrobenzene or benzyl alcohol. Alterna- 
tively one may use particles of a polymer such as 
polystyrene or polymethyl methacrylate. 

25 

EXAMPLE 2 

Chemical reactions were simultaneously ob- 
served using constant potential electrolysis and spec- 
troscopic measurements to determined approximate- 30 
ly the extent of electrolysis and the electrolytic rate. 

A fluorescence spectroscopic method was used. 
The sample In the reaction chamber comprised an 
aqueous phase and oil drops as used in Example 1, 
except that 9, 10-diphenylanthracene (DPA) (5 x 35 
10-3 mol) was additionally dissolved in the oil. 

An Sn02 transparent electrode was used and oil 
drops were brought into contact therewith using the 
laser beam particle manipulator. 

Measurement of LSV with the SnOa electrode as 40 
in Example 1 indicated a peak at a potential close to 
that In Fig, 2. dependent on the potential sweep rate. 
With the potential kept at 0.6V, oil drops in contact 
with the Sn02 electrode, having a diameter of 25 jxm, 
were subjected to fluorescent analysis. This gave the 45 
relationship between the fluorescence wavelength 
and the fluorescent intensity, with the constant po- 
tential electrolytic time as a parameter. The results are 
as shown in Fig. 3, where the abscissa represents the 
fluorescence wavelength, and the ordinate repre- so 
sents the fluorescent intensity: (a) is before electrol- 
ysis, (b) is 425 seconds after electrolysis, and (c) is 
825 seconds after electrolysis. 

It will be seen that the fluorescent intensity of 
DPA increases as the electrolysis proceeds, appa- ss 
rently because fluorescence of DPA is inhibited by 
ferrocene and thus increases with the decrease in 
concentration of ferrocene in the oil drops as it is elec- 



troiyzed. 

By using such a fluorescent probe, it is possible 
to estimate the rate of electrolysis in the oil drops. 
With the Sn02 transparent electrode, substantially 
complete electrolysis of ferrocene in the oil drops re- 
quired a period of almost 1,000 seconds. How ver, 
since this may be attributable to the low electron mi- 
gration rate of such an electrode as compared with 
that of a gold electrode, electrolysis is estimated to re- 
quire a shorter period, i.e. about 300 seconds at most, 
with a gold microelectrode. 



Claims 

1 . A method of effecting reaction of particles which 
comprises trapping a particle by laser beam irra- 
diation and bringing the trapped particle into con- 
tact with an electrode so as to induce electro- 
chemical reaction in or of said particle, 

2. A method as claimed in claim 1 wherein the elec- 
trochemical reaction is monitored electrically. 

3. A method as claimed in claim 2 wherein the cur- 
rent and/or total quantity of electricity passing be- 
tween the electrode and an opposite or reference 
electrode and/or the voltage across said electro- 
des are measured. 

4. A method as claimed in any of the preceding 
claims wherein the electrochemical reaction 
and/or any further reaction induced thereby are 
monitored spectroscopically. 

5. A method as claimed in claim 4 wherein a fluor- 
escent probe is employed to irradiate the particle 
and the resulting fluorescence spectrum is moni- 
tored. 

6. Apparatus of use in the method of claim 1 com- 
prising a laser beam particle manipulator oper- 
able in conjunction with an electrochemical reac- 
tion detector. 

7. Apparatus as claimed in claim 6 further incorpor- 
ating photochemical reaction detector means. 
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